The in vivo production of frameshift and base-substitution mutations predicted as a consequence of the metabolic processing of misaligned quasipalindromic DNA sequences has been confirmed. Spontaneous frameshift mutations of the T4 Wi gene that had been genetically mapped to quasipalindromic DNA sequences were sequenced. Some of the mutant sequences are exactly those predicted by a mutational model based on misaligned quasipalindromes. Furthermore, these sequences are distinct from those predicted by the classical frameshift model based on misaligned repeated sequences. The ilI frameshift mutant sequences reported here result from the deletion of a specific base or bases that would remain looped out should the quasipalindromes assume a hairpin secondary structure. One hairpin predicted not only the deletion of two bases (a frameshift) but the concomitant production of nearby but noncontiguous base substitutions. The substitution of as many as three bases as well as the frameshift were predicted to arise as a consequence of a single mutational event in the palindrome. Two independent examples of the predicted deletion frameshift were found among the small sample of sequenced spontaneous frameshifts examined and both were associated with the predicted transversion and transition base substitutions.
ABSTRACT
The in vivo production of frameshift and base-substitution mutations predicted as a consequence of the metabolic processing of misaligned quasipalindromic DNA sequences has been confirmed. Spontaneous frameshift mutations of the T4 Wi gene that had been genetically mapped to quasipalindromic DNA sequences were sequenced. Some of the mutant sequences are exactly those predicted by a mutational model based on misaligned quasipalindromes. Furthermore, these sequences are distinct from those predicted by the classical frameshift model based on misaligned repeated sequences. The ilI frameshift mutant sequences reported here result from the deletion of a specific base or bases that would remain looped out should the quasipalindromes assume a hairpin secondary structure. One hairpin predicted not only the deletion of two bases (a frameshift) but the concomitant production of nearby but noncontiguous base substitutions. The substitution of as many as three bases as well as the frameshift were predicted to arise as a consequence of a single mutational event in the palindrome. Two independent examples of the predicted deletion frameshift were found among the small sample of sequenced spontaneous frameshifts examined and both were associated with the predicted transversion and transition base substitutions.
Frameshift mutations often result from the addition or deletion of a repeating unit of a repeated DNA sequence. Metabolic processing of misaligned pairing between one of the repeating units and the complement of another is believed to be responsible (1, 2) . However, frameshifts can occur in DNA sequences that are not repeated. A consideration of molecular mechanisms responsible for these mutations led to the proposal that some frameshifts occur because of processing of misaligned pairing mediated by quasipalindromes (3) (4) (5) .
Palindromic sequences permit the formation of alternative DNA secondary structures such as DNA hairpins. The action of ordinary DNA metabolism on such structures is predicted to lead to mutation (3, 5) . The demonstration of mutations predicted to occur as a consequence of such processing and not by other mutational models would be strong confirmation of the quasipalindrome mutational model and would suggest the occurrence of palindromically mediated misalignments in vivo.
Quasipalindromes permit the formation of misaligned structures through the self-complementarity of their palindromic portions and provide templates for base-substitution and frameshift mutations in their nonpalindromic portions (3) . Mutations are predicted to result from templated processes that replace bases residing in one half of the hairpin with bases complementary to the other half. The predicted mutations can be readily visualized by examining quasipalindromic DNA sequences in hairpin structures (Fig. 1) position 2 is a template for a G-C -. T'A mutation at position 1, whereas the G at position 1 is the template for an AT -. G-C mutation at position 2. G at position 4 is a bulge; it serves as the template for the addition of a C at position 3 or the absence of a base at position 3 results in the deletion of the G at position 4. Note that the palindrome mutation model encompasses the production of multiple mutations in a single step. Mutations may occur simultaneously at both positions 1 and 3 or positions 2 and 4. However, the simultaneous production of mutations at position 1 and either position 2 or 4 would not be expected.
tary base in the opposite half of the hairpin and thus provides a potential site for mutation.
The opposition of noncomplementary bases predicts base substitutions. In Fig. 1 , a G-C -* T-A transversion is predicted at position 1 or an AT -* C-G transversion is predicted at position 2 as a consequence of the G-A opposition in the hairpin stem. Bulges in hairpin stems predict the addition or deletion of bases. In Fig. 1 , the addition of a C at position 3 or the deletion of the G at position 4 is predicted by the bulged G. When quasipalindromes include more than a single point of noncomplementarity, the production of multiple base changes is possible. In Fig. 1 , mutations at both positions 1 and 3 or positions 2 and 4 could occur in a single mutational event. Among sequenced frameshifts in the iso-1-cytochrome c gene of yeast, multiple base changes expected to arise as a consequence of quasipalindromes do explain the amino acid sequence changes initially observed in mutant proteins (3) . We have tested the quasipalindrome model for frameshift mutation in the T4 rlIB gene by identifying quasipalindromic sequences that predict frameshift mutations and then sequencing spontaneous frameshift mutations recovered in *Deceased, August 11, 1984. 5528 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
Proc. NatL Acad Sci USA 81 (1984) 5529 those regions. The sequencing revealed mutant sequences that were specifically predicted by the quasipalindrome model but that were unexplained by repeated sequences. This result provides powerful evidence that quasipalindromic sequences are responsible for frameshift and base-substitution mutations.
MATERIALS AND METHODS Strains. The isolation and characterization of the rII T4B frameshift mutants has been described (1). T4 stocks were grown on Escherichia coli BB cells. The M13 cloning vector mp8 was grown on E. coli JM103 or JM101 (strains were obtained from Bethesda Research Laboratories). Plasmid HH870 (6) (provided by L. Gold) is a pBR322 derivative bearing a HindIIl fragment from the rII genes covering the region in which frameshift mutations were to be examined.
Cloning. T4 DNA was isolated from T4 stocks at about 1011 plaque-forming units per ml in M9CA medium (7) identified by plaque hybridization (9) using 32P-labeled nicktranslated HH870 DNA. Plaques were purified and stocks were grown. The orientation of the Taq I fragment was determined by hybridization to M13 mp8 phage with Taq I fragments whose orientation had been determined previously.
DNA Sequencing. Dideoxy-termination sequencing (10) was used to determine the sequence of the cloned mutants. Restriction fragment primers were prepared from plasmid HH870. Sequencing from the left was primed by an Mbo IIHae III restriction fragment extending from base 169 to 408 (see ref. 6 for restriction map and numbering). Sequencing from the right was primed by an Mbo II-Mbo II restriction fragment extending from base 588 to 803. Primers were removed prior to electrophoresis of the sequencing reaction by digesting the DNA with -10 units of Hae III or Mbo II at 37°C for 10 min.
RESULTS
The NH2 terminus of the rIIB protein is particularly well suited for the examination of frameshift specificity (6, 7, (11) (12) (13) . Two of its characteristics were crucial to our test of the mutational model: the presence of quasipalindromes in the DNA sequence that predict frameshifts (3, 6, 11) and genetic properties that permit the selection of frameshift mutations in this region of the rIB gene by methods that do not select against predicted base substitutions (13).
Examination of the sequence in this portion of the gene both by eye and by computer revealed the presence of overlapping quasipalindromic DNA sequences in the region between bases 499 and 544 [numbering according to Pribnow et al. (6) ]. These bases mark the positions of out-of-frame termination codons (barriers B4 and B6) that can be identified genetically (4, 6, 13) . Spontaneous frameshifts mapping to this region (7) were cloned into M13 and sequenced.
We report here three spontaneous frameshift mutant sequences. These sequences are uniquely predicted by the quasipalindrome model . Fig 2a illustrates a quasipalindrome that predicts the deletion of an A at position 525. Genetic mapping of spontaneous frameshift mutations having a genetic sign of -1 and lying between bases 499 and 544 had identified 13 frameshifts at four genetically distinguishable sites in a sample of 48 mutants arising spontaneously in a wild-type polymerase background (7) . One of the four sites corresponded to the deletion of the A at base 525, and 1 of the 13 mutants mapped to this site. The deletion of the A is illustrated in Fig. 2b . It should be noted that this frameshift is specifically predicted by the quasipalindrome but not by a locally repeated sequence. Fig. 3a shows a second hairpin in the wild-type sequence. This quasipalindrome overlaps the sequence shown in position between out-of-frame termination codons at bases 499 and 544 have been described (7) . Our sequencing confirms the presence of therFC47 mutation, a change from T-T at bases 560 and 561 toC-T-G mediated by a mechanism other than a quasipalindrome (6, 14) .
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Genetics: de Boer and Ripley + genetic sign. In a sample of 48 spontaneous frameshifts having this sign in a tsL98 polymerase mutant background, 10 frameshifts mapped to the DNA sequence between bases 499 and 544 (7). These 10 mutants mapped to five recombinationally distinguishable sites, and one of these represented by two independent mutations was found by DNA sequencing to have the specifically predicted deletion of the T-A at bases 503 and 504. The mutant sequences are shown in Fig. 3 b and c. These frameshifts are both associated with base substitutions that are also specifically predicted by the quasipalindrome. It should be noted that the deletion of bases 503 and 504 is not predicted by a locally repeated sequence, that no substitutions other than those predicted by the quasipalindrome occur, and that the genetic selection for these mutants was solely on the basis of the frameshift-the base substitutions being selectively neutral.
DISCUSSION
The T4 rI mutant sequences reported here are specifically predicted by a mutational model in which misaligned quasipalindromes produce base substitutions and frameshifts. The sequences are not predicted by other mutational models. The complex mutations resulting from the concerted production of both base substitutions and a frameshift suggest that the processing responsible for quasipalindrome-directed mutation can extend over a distance as great as 10 bases. We do not know whether the different extents of the mutant sequences in Fig. 3 b and c result from different extents of the templating process or whether the absence of the terminal base substitution in Fig. 3c represents a subsequent repair or recombination event occurring during the resolution of the heterozygote. The terminal position of the base difference would seem equally compatible with either hypothesis.
We note the absence of addition frameshifts predicted by quasipalindromic sequences among T4 frameshift sequences examined to date. Such a bias could result from the mechanism of quasipalindromically mediated mutation. For example, a bias toward deletions could result from a mechanism that depends on the initial formation of a hairpin and the subsequent endonucleolytic attack on extrahelical bases (bulges) in the hairpin stem. A yeast addition frameshift described previously (3) is also consistent with attack at a bulge despite its addition character, since in that case the bulge removed is a 3-base bulge that is noncomplementary to an opposing 4-base bulge in the hairpin stem. The two mutant sequences described in Fig. 3 occurred spontaneously in a phage carrying the tsL98 polymerase allele. We do not yet know whether the properties of the mutant polymerase specifically increase the frequency of mutations directed by quasipalindromes. Models by which such enhancement might occur have been discussed elsewhere (3, 11) . The mutants described here are estimated to occur at a frequency of approximately 7 x 10-8 in the presence of the wild-type polymerase and 77 x 10-8 in the presence of the tsL98 polymerase. Mutation frequencies in this range are not exceptional in T4 and are similar to those expected for single base substitution and frameshift mutations in nonquasipalindromic DNA sequences.
We have estimated the frequency of spontaneous frameshift mutations predicted to arise as a consequence of the quasipalindrome model relative to the frequency predicted to arise as a consequence of the Streisinger model. If both mechanisms were to produce mutations with similar efficiencies in the sequences upon which they act, frameshifts mediated by the two mechanisms would be expected to occur in a ratio roughly similar to the ratio of repeated and quasipalindromic sequences predicting their occurrence. In the 45-base-pair DNA target considered here, 17 repeated sequences predict the generation of >34 distinguishable mutant sequences by the Streisinger model. In the same sequence, 10 frameshifts are predicted by quasipalindromes.O Therefore, if repeats and quasipalindromes account for most frameshifts, quasipalindromically mediated frameshifts would be expected to represent about one-fifth (10/44) of the frameshifts. This fraction would drop to onetenth if quasipalindromes produce primarily deletion frameshifts. Among 18 spontaneous frameshifts producing a shift to the -1 reading frame in a wild-type polymerase background and 9 spontaneous frameshifts producing a shift to the + 1 reading frame in a tsL98 polymerase background (Fig. 1) , we found 3 mutants at two genetic sites whose sequences were predicted by quasipalindromes. Mutants mapping to the remaining sites had sequences consistent with their production by misaligned repeated sequences, with the exception of a single mutant at a single site in the tsL98 polymerase background whose sequence is not explained by either mechanism. Thus, to a first approximation, quasipalindromes and repeated DNA sequences produce mutations in T4 DNA with a frequency proportional to their frequency in the DNA target and quasipalindrome-directed mutations do not represent notably rare events. tFour of the 10 frameshifts predicted by quasipalindromes are shown in Figs. 2a and 3a . Extension of the quasipalindromes in Fig. 2a so that base 500 is paired with base 539 leads to the prediction of 4 additional frameshifts; 1 of these, the deletion of the A-T sequence at bases 501 and 502 has been detected (unpublished results). Two additional frameshifts within the target are predicted by the quasipalindrome illustrated in Fig. 2A Proc. NatL Acad Sci. USA 81 (1984) Genetics: de Boer and Ripley
